Objectives-The tissue motion of annular displacement provides an accurate and rapid assessment of left ventricular (LV) systolic function. However, it has rarely been used in patients with chronic constrictive pericarditis and restrictive cardiomyopathy. This study aimed to assess the differences in LV systolic function in patients with constrictive pericarditis and restrictive cardiomyopathy using tissue motion of annular displacement derived from speckle-tracking echocardiography.
P
revious studies have proposed the use of the tissue motion of annular displacement as a fast and accurate assessment of cardiac function in numerous cardiovascular diseases. 1, 2 Patients with advanced age, left ventricular (LV) hypertrophy, or mitral annular calcium showed depressed LV longitudinal motion despite a preserved left ventricular ejection fraction (LVEF). 3, 4 However, quantitative assessments of the tissue motion of annular displacement have been less frequently used in the assessment of LV systolic function and diastolic dysfunction such as chronic constrictive pericarditis and restrictive cardiomyopathy.
Constrictive pericarditis is caused by reduced elasticity of the pericardium, whereas restrictive cardiomyopathy is a disease of the myocardium leading to altered clinical, hemodynamic, and echocardiographic findings similar to those of constrictive pericarditis. 5 The differentiation between constrictive pericarditis and restrictive cardiomyopathy remains challenging in clinical practice. However, the distinction between these diseases is crucial because of the different promising treatments. The early diastolic mitral annular velocity recorded by tissue Doppler imaging has been proposed as a pivotal method for differentiating restrictive from constrictive physiologic mechanisms, owing to the intrinsic myocardial relaxation that is preserved in constrictive pericarditis but not restrictive cardiomyopathy. 6, 7 However, even in some cases of constrictive pericarditis, the early diastolic mitral annular velocity was decreased because of pericardial calcium or myocardial involvement. Also, the tissue motion of annular displacement has not been used for the differentiation of constrictive pericarditis and restrictive cardiomyopathy. Therefore, this prospective study aimed to evaluate the LV longitudinal function by the tissue motion of annular displacement in patients with proven constrictive pericarditis and restrictive cardiomyopathy and to investigate whether the quantitative analysis of mitral annular displacement can be used in the differentiation of those conditions.
Materials and Methods

Study Population
Twenty-four consecutive patients with constrictive pericarditis from the First Hospital and Shengjing Hospital of China Medical University were enrolled in this study between January 2016 and January 2017. The patients with constrictive pericarditis included those with heart failure diagnosed according to the echocardiographic criteria. The evidence revealed a thickened pericardium (minimal pericardial thickness of both lateral sides of the left and right ventricles >3 mm on contrast-enhanced computed tomography) or was surgically confirmed by pericardiectomy. 8 The echocardiographic criteria for constrictive pericarditis included evidence of abnormal interventricular septal motion (septal bounce), respiratory variation of atrioventricular inflow velocities, an abundant inferior vena cava, as well as increased hepatic vein flow reversal during expiration. 9, 10 The respiratory variation was observed in 18 (75%) patients by the Doppler transmitral early diastolic flow velocity (>25%). Sixteen (67%) patients underwent computed tomography during the preoperative assessment, of whom 6 had pericardial calcifications. All patients with constrictive pericarditis had a sinus rhythm, and none of them had other types of heart diseases. The underlying cause of constrictive pericarditis was viral pericarditis in 11 (46%) patients and unknown in 13 (54%).
In this study, 24 patients with restrictive cardiomyopathy were enrolled. The underlying etiology of restrictive cardiomyopathy was cardiac amyloidosis. All patients with cardiac amyloidosis also had systemic amyloidosis, as confirmed by biopsy. The echocardiographic evaluation of restrictive cardiomyopathy included the Doppler transmitral diastolic flow velocity and reduced diastolic LV volumes, in addition to an LVEF of greater than 45%.
11
Twenty-five healthy volunteers from the local community with no overt cardiovascular disease or major valvular heart disease were enrolled as control participants. These controls had normal electrocardiographic, chest radiographic, and laboratory test results. All procedures performed in the studies involving human participants were in accordance with the ethical standards of the Ethics Committee of the China Medical University. Informed consent was obtained from all individual participants included in the study.
Echocardiographic Image Acquisition and Analysis
The participants were placed in the left lateral recumbent position, and images were captured with an iE33 imaging system (Philips Healthcare, Andover, MA) equipped with an S5 transducer. All images and measurements were acquired from standard views according to the guidelines of the American Society of Echocardiography and stored digitally for offline analysis. 12 For tissue Doppler echocardiography, the filter setting was lowered, and gain was minimized to allow a clear tissue signal with minimal background noise. The Nyquist limit was adjusted to 15 to 20 cm/s as well. Septal and lateral mitral annular early diastolic, late diastolic, and systolic velocities were measured at the septal and lateral corners of the mitral annulus in the apical 4-chamber view. Tissue Doppler velocities were recorded with simultaneous electrocardiography at a sweep speed of 50 to 100 mm/s. The mean of 3 measurements was used for comparison.
A dynamic 2-dimensional ultrasound image of 3 cardiac cycles from the 4-chamber view was acquired by conventional ultrasound imaging, with a frame rate of 52 to 65 frames per second. Subsequently, speckle-tracking software (QLAB; Philips Healthcare) was used to measure the tissue motion of annular displacement offline. Three points were selected as user-defined anatomic landmarks initially. The septal and lateral aspects of the mitral annulus and the apical myocardium were chosen. The speckle-tracking software automatically plotted the measured mitral annular longitudinal displacement of each tracked point frame by frame. The displacements in the lateral and septal mitral valve annulus were measured; the midpoint displacement was calculated as the average value of the lateral and septal mitral annulus; and the ratio of the midpoint displacement to the LV long-axis was recorded as the normalized midpoint displacement of the mitral ring (displacement at the midpoint/LV length [percent]). 13 
Statistical Analysis
The statistical analysis was performed with SPSS version 17.0 software (IBM Corporation, Armonk, NY). Descriptive data were summarized as percentage frequency for categorical variables and mean 6 standard deviation for continuous variables. An analysis of variance with Bonferroni adjustment for multiple comparisons assessed the differences between each group. The interrelationships between the tissue motion of annular displacement parameters and biplane LVEF were assessed by Spearman correlation. The overall performance of the echocardiographic variables for differentiating between constrictive pericarditis and restrictive cardiomyopathy were evaluated by a receiver operating characteristic curve analysis. Two-tailed P < .05 was considered statistically significant. The interobserver and intraobserver variability was determined by a Bland-Altman analysis.
Results
Clinical and Echocardiographic Characteristics
A total of 73 patients were analyzed in the following 3 groups: patients with constrictive pericarditis (n 5 24), patients with restrictive cardiomyopathy (n 5 24), and healthy control participants (n 5 25). The characteristics of the study participants are shown in Table 1 .
The LVEF was decreased, and the LV wall thickness was increased in patients with restrictive cardiomyopathy compared to those with constrictive pericarditis and controls (P < .05). The LV end-diastolic diameter, LV endsystolic diameter, and stroke volume were significantly decreased in patients with constrictive pericarditis compared to controls (P < .05).
In patients with restrictive cardiomyopathy, an early diastolic mitral annular velocity of greater than 8.0 cm/s was observed in 2 patients, and 2 patients with constrictive pericarditis had an early diastolic mitral annular velocity of less than 8 cm/s. The septal mitral annular early diastolic velocity was significantly increased in patients with constrictive pericarditis compared to those with restrictive cardiomyopathy and controls. The septal mitral annular systolic velocity and lateral mitral annular early diastolic velocity in patients with restrictive cardiomyopathy were decreased compared to those with constrictive pericarditis and controls. The lateral and septal mitral annular systolic velocities in constrictive pericarditis were reduced compared to the control group. However, the lateral and septal mitral annular systolic velocities were higher in patients with constrictive pericarditis than those with restrictive cardiomyopathy (Table 2 ).
Tissue Motion of Annular Displacement Characteristics
Mitral annular tracking and quantification of the tissue motion of annular displacement were achieved within 10 seconds for each patient. In patients with constrictive pericarditis, the lateral mitral annular longitudinal displacement was decreased, whereas the septal mitral annular longitudinal displacement was preserved compared to controls (Table 3) . Patients with restrictive cardiomyopathy showed reduced mitral annular longitudinal displacement compared to patients with constrictive pericarditis and controls ( Figure 1) . A curvilinear relationship between the biplane LVEF and the tissue motion of annular displacement was established for all participants ( Figure 2) ; the optimal correlation was found with septal mitral annular longitudinal displacement (r 5 0.67; P < .001).
For differentiation between constrictive pericarditis and restrictive cardiomyopathy, the areas under the receiver operating characteristic curve for the septal mitral annular early diastolic velocity, septal mitral annular longitudinal displacement, and midpoint displacement of the mitral ring were significantly higher compared to other parameters ( Figure 3) . A cutoff value of 8 cm/s for the septal mitral annular early diastolic velocity showed 100% sensitivity and 95.8% specificity (area under the curve, 0.996; P < .001). On the other hand, a cutoff value of 8.45 mm for the septal mitral annular longitudinal displacement showed 95.2% sensitivity and 91.7% specificity (area under the curve, 0.986; P < .001). Additionally, a cutoff value of 10% for the midpoint displacement of the mitral ring showed 80.5% Aa-lat indicates late diastolic velocity at the level of the mitral lateral annulus; Aa-sep, late diastolic velocity at the level of the mitral septal annulus; Ea-lat, peak early diastolic velocity at the level of the mitral lateral annulus; Ea-sep, peak early diastolic velocity at the level of the mitral septal annulus; LAD, left atrial diameter; LVDD, LV diastolic diameter; LVSD, LV systolic diameter; Sa-lat, peak systolic velocity at the level of the mitral lateral annulus; and Sa-sep, peak systolic velocity at the level of the mitral septal annulus. a P <.05 versus control. b P <.05 versus constrictive pericarditis.
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sensitivity and 91.7% specificity (area under the curve, 0.970; P < .001).
Reproducibility
Ten participants were randomly selected to assess the interobserver and intraobserver variability, which was shown by tissue motion of annular displacement values.
The interobserver variability showed a bias of 20.07 6 0.45 (95% confidence interval, 0.82, 20.96).
The interobserver variability showed a mean difference in the values of 20.13 6 0.42 (95% confidence interval, 0.95, 20.69; Figure 4 ).
Discussion
The major findings of this study were as follows: (1) The patients with constrictive pericarditis had decreased mitral annular longitudinal displacement, thereby indicating early impairment of longitudinal systolic function in constrictive pericarditis. Moreover, lateral mitral annular longitudinal displacement was reduced, whereas septal mitral annular longitudinal displacement was preserved compared to the controls, suggesting a reduction of longitudinal function that might be caused by adhesion and calcium in the pericardium. (2) The mitral annulus displacement derived from speckle-tracking echocardiography significantly correlated with the LVEF, and the tissue motion of annular displacement was a rapid and accurate method for assessment of the LVEF in patients with constrictive pericarditis and restrictive cardiomyopathy. (3) Septal mitral annular longitudinal displacement appears to be a unique parameter in the differentiation of constrictive pericarditis and restrictive cardiomyopathy. The noninvasive measurement of the LVEF by 2-dimensional transthoracic echocardiography is indispensable in clinical practice. As one of the critical indices for the assessment of LV systolic function, the LVEF serves as a robust predictor of the clinical outcome in most cardiac patients.
14 However, the accurate assessment of LVEF is time-consuming and limited by poor image quality.
The tissue motion of annular displacement has been used for a rapid and accurate assessment of cardiac function in numerous cardiovascular disease states. Speckle-tracking echocardiography is a recently developed technique for quantitation of the tissue motion of annular displacement and overcomes the shortcomings of conventional echocardiography such as angle dependency. A previous study showed that the measurement of mitral valve displacement was significantly influenced by the LV diameter 15 ; however, the speckle-tracking echocardiography-derived mitral annular displacement can be normalized by the LV long axis. In patients with restrictive cardiomyopathy such as cardiac amyloidosis, although the LVEF was preserved, the tissue motion of annular displacement was significantly lower compared to healthy controls, indicating early impairment of the LV function. 13 However, the quantitative assessment of the tissue motion of annular displacement, which is reportedly reduced in several other myocardial diseases, has rarely been used in patients with constrictive pericarditis and restrictive cardiomyopathy. In this study, we found that in patients with constrictive pericarditis, the mitral annular longitudinal displacement was decreased, indicating early impairment of the LV systolic function. In addition, the lateral mitral annular longitudinal displacement was significantly decreased compared to the preserved septal mitral annular longitudinal displacement in patients with constrictive pericarditis, suggesting reduced longitudinal LV function caused by adhesion of the pericardium. In patients with restrictive cardiomyopathy, the mitral annular longitudinal displacement was reduced more than that in patients with constrictive pericarditis and controls, suggesting decreased LV systolic function in patients with restrictive cardiomyopathy.
Nevertheless, differentiating between constrictive pericarditis and restrictive cardiomyopathy is challenging because of similar clinical, hemodynamic, and echocardiographic features (Table 4) . 6, [16] [17] [18] [19] [20] In this study, we evaluated the tissue motion of annular displacement by speckle-tracking echocardiography in patients with proven constrictive pericarditis and restrictive cardiomyopathy and hypothesized that a quantitative analysis of the tissue motion of annular displacement might be valuable in the differentiation of the cardiac disorders mentioned above. We confirmed that the early diastolic mitral annular velocity provides accurate discrimination between constrictive pericarditis and restrictive cardiomyopathy. A cutoff early diastolic mitral annular velocity value of 8 cm/s provided accurate discrimination between constrictive pericarditis and restrictive cardiomyopathy. However, in a subset of patients with constrictive pericarditis and coexisting myocardial abnormalities, the sensitivity was decreased. 21 In our study, 2 patients with constrictive pericarditis had early diastolic mitral annular velocity values of less than 8 cm/s. Therefore, septal mitral annular longitudinal displacement can be valuable in differentiating constrictive pericarditis from restrictive cardiomyopathy by providing incremental diagnostic information.
In this study, although the LVEF was preserved in patients with constrictive pericarditis, the systolic velocity of the mitral annulus, in addition to the overall longitudinal displacement, was decreased compared to the controls, which might have been caused by pericardial restriction and mitral annular calcium. Moreover, the systolic velocities and displacement of the mitral annulus in patients with constrictive pericarditis were significantly higher than in those with restrictive cardiomyopathy, which was in agreement with a previous study. 22 Also, the reduction in restrictive cardiomyopathy may be caused by increased stiffness of the myocardium and LV myocardial hypertrophy.
Nevertheless, the tissue motion of annular displacement has several intrinsic limitations. Some studies have shown that in patients with LV hypertrophy and mitral annular calcium, the LV longitudinal motion was depressed. 23, 24 In our study, although the tissue motion of annular displacement was decreased in patients with constrictive pericarditis and restrictive cardiomyopathy, it also correlated with the LVEF. Therefore, the tissue motion of annular displacement could be used for estimation of the LVEF in patients with constrictive pericarditis and restrictive cardiomyopathy.
There were several limitations in this study. First, the lack of invasive hemodynamic data was a major limitation, primarily because it was not clinically indicated. Second, since it was difficult to evaluate the displacement of the mitral annulus in patients with an irregular heartbeat, all of the study participants had a sinus rhythm, but there are a large number of patients with constrictive pericarditis who have irregular rhythms. Third, the number of patients with restrictive cardiomyopathy was relatively small because of the low prevalence of this disease, and most of the patients with restrictive cardiomyopathy had cardiac amyloidosis as an underlying etiology, which could limit the generalizability of our results to other patients with restrictive cardiomyopathy. Last, patients with constrictive pericarditis caused by tuberculosis, those with constrictive pericarditis caused by radiation, and those in whom it occurred after surgery were excluded, owing to mixed myocardial involvement.
In conclusion, longitudinal function was impaired in patients with constrictive pericarditis, which might be related to pericardial adhesion and calcium. Moreover, the longitudinal displacement in patients with restrictive cardiomyopathy was found to be more reduced than in those with constrictive pericarditis because of increased stiffness of the myocardium. Furthermore, mitral tissue displacement in the septal annulus is also useful for distinguishing restrictive cardiomyopathy from constrictive pericarditis based on incremental diagnostic information in addition to the early diastolic mitral annular velocity. Therefore, the tissue motion of annular displacement provides a rapid and accurate method for the assessment of longitudinal systolic function and plays a pivotal role in the differentiation between constrictive pericarditis and restrictive cardiomyopathy.
